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BACKGROUND: Angiotensin-converting enzyme 2 (ACE2) is the receptor for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) which causes COVID-19. Viral entry requires ACE2 and transmembrane protease serine 2 (TMPRSS2). Transcriptomic
studies showed that children display lower ACE2 than adults, though gene expression levels do not always correlate with protein
levels. We investigated the effect of age on ACE2 and TMPRSS2 protein expression in alveolar type Il (AT2) cells in the lungs of
children compared to adults. We also analysed the ratio of Ang-(1-7) to Ang Il as a surrogate marker of ACE2 activity in the subjects’
lung parenchyma.

METHODS: Ang Il and Ang-(1-7) levels and ACE2 and TMPRSS2 protein expression were measured by radioimmunoassay and
immunohistochemistry, respectively.

RESULTS: The amount of ACE2-expressing AT2 cells and ACE2 protein content were lower in children than in adults. Ang Il levels
were higher in children compared to adults and inversely correlated with the amount of ACE2-expressing AT2 cells. Children
presented lower Ang-(1-7)/Ang |l ratio than adult suggesting lower ACE2 activity in children. TMPRSS2 protein expression was not
influenced by age.

CONCLUSIONS: These results expand on previous transcriptomic studies and may partially explain the low susceptibility of children

to SARS-CoV-2 infection.
CATEGORY OF STUDY: Clinical original research

Pediatric Research; https://doi.org/10.1038/s41390-022-02163-z

IMPACT:

® Children display lower ACE2 protein content and activity compared to adults.

® Ang Il levels were higher in children compared to adults and inversely correlated with the amount of ACE2-expressing AT2 cells
® TMPRSS2 protein expression was not influenced by age.

°

CoV-2 infection.

INTRODUCTION

Angiotensin-converting enzyme 2 (ACE2) is a key enzyme in the
renin-angiotensin system (RAS) responsible for balancing the
pressor arm of the RAS by catalysing the conversion of angiotensin
(Ang) Il into the protective component Ang-(1-7)". In the lungs,
ACE2 is primarily expressed in alveolar type Il (AT2) cells*™, which
are key to maintaining lung homoeostasis. ACE2 also acts as the
receptor for the type 2 coronavirus that causes severe acute
respiratory syndrome (SARS-CoV-2), the aetiological agent of
coronavirus disease 2019 (COVID-19). The spike protein on SARS-
CoV-2 binds ACE2 and is primed by transmembrane protease
serine 2 (TMPRSS2), allowing the virus entry into the host cell®.

These results expand on previous transcriptomic studies and may partially explain the low susceptibility of children to SARS-

Children have higher resistance to COVID-19 than adults’. This
diminished susceptibility may be related to ACE2 and TMPRSS2
levels. Several reports have shown that children display lower
ACE2 and TMPRSS2 gene expression than adults®'’. Gene
expression do not always correlate with protein levels due to
protein post-transcriptional modifications or low mRNA stability.
To our knowledge, there is only one report on ACE2 protein
expression in AT2 cells in children®, though it was used two
different cohorts, different brands of ACE2 antibody for each
cohort and a small number of samples (4 and 10 samples in cohort
1 and 2, respectively). They found no difference in ACE2 protein
expression by age. To further confirm the effect of age on ACE2
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and TMPRSS2, we investigated ACE2 and TMPRSS2 protein
expression in AT2 cells in the lungs of children compared to
adults. We also analysed Ang Il and Ang-(1-7) levels in the
subjects’ lung parenchyma to employ the ratio of Ang-(1-7) to
Ang Il as a surrogate marker of ACE2 activity.

METHODS

Human lung samples

This study was an observational retrospective study of de-identified material;
informed consent was not required. Our Institutional Review Board (Facultad
de Farmacia y Bioquimica, Universidad de Buenos Aires and Hospital del
Térax) approved all protocols. Lung parenchymal samples from children (1 to
18 years of age, n = 21), adult subjects between 20 and 60 years of age (n =
26) and subjects 60 years of age and older (n = 29) who underwent resection
(segmentectomy or lobectomy) were obtained from the archives of the
Pathology Service of the Hospital Provincial del Térax. Tissues were only used
if they were characterised as non-diseased, that is, areas of the tissue that
were not involved in patient’s underlying medical conditions (i.e., neoplasia,
infections, bronchiectasis). The same sample was analysed for Ang Il and
Ang-(1-7) levels and ACE2 and TMPRSS2 protein expression.

Ang Il and Ang-(1-7) levels measurement

Samples were dewaxed, rehydrated and homogenisd in acid ethanol (0.1
mmol/L HCI/80% ethanol) containing a mix of protease inhibitors. Homo-
genates were centrifuged at 20,000 x g for 30 min at 4 °C. The supernatant
was subsequently lyophilised and angiotensin extraction and measurement by
radicimmunoassay were performed as previously described'’.

ACE2 and TMPRSS2 immunohistochemistry

ACE2 and TMPRSS2 protein expression were measured by immunohis-
tochemistry performed on a Discovery Ultra VENTANA Systems (Roche)
automated stainer. Samples were exposed to a rabbit polyclonal anti-ACE2
antibody (Abcam cat. ab15348, lot GR3333640-5, dilution 1:500) or a rabbit
monoclonal anti-TMPRSS2 antibody (Abcam cat. ab92323, lot GR3344246-
11, dilution 1:1500) together with a mouse monoclonal antibody TTF-1
(Cell Marque clone 8G7G3/1, lot 077115, dilution 1:500) to label AT2 cells.
TTF-1 is the gold standard for identifying lung adenocarcinoma and it is
known as a nuclear homeodomain transcription factor that is expressed in
the thyroid, in the normal bronchiolar and alveolar epithelium as well as in
pulmonary neoplasms, particularly in adenocarcinomas, or in the devel-
oping forebrain'? In the lung, TTF-1 is expressed in AT2 cells and Clara
cells™. TTF-1-positive cells with cuboidal morphology along the alveolar
septum were counted as AT2 cells. Antibody binding was visualised
following incubation with the ultraView Universal Alkaline Phosphatase
Red Detection Kit (Roche cat. 0785269814001) for ACE2 and TMPRSS2 and
the ultraView Universal DAB Detection Kit (Roche cat. SAP 5269806001) for
AT2 cells. Images were taken on an Olympus CX31 microscope.
Percentages of ACE2- and TMPRSS2-expressing AT2 cells were measured
in representative lung fields with sufficient cells to allow no fewer than 450
AT2 cells to be counted. ACE2 intensity was classified from +1 to +3 (+1,
very weak; +2, moderate; +3, strong). Two independent, qualified
pathologists specialising in the human lung, analysed ACE2 and
TMPRSS2 staining in AT2 cells after being blinded to the patient’s
condition, following the principles for reproducible tissue scores.

Statistical analysis

The data were analysed by a statistician (M.N., chair of Mathematics and
Biostatistics at the Faculty of Pharmacy and Biochemistry, University of
Buenos Aires) using the IBM SPSS Statistics 19 software. No differences by
sex were found. Homogeneity of variances was determined by Levene's
test. The Kruskal-Wallis test was applied to non-normally distributed data.
Subsequent post hoc analyses for significant results were performed with
the Bonferroni test. The Spearman coefficient was calculated to analyse
correlations. A probability level of 0.05 was considered significant.

RESULTS

Children displayed significantly higher Ang Il and Ang-(1-7) levels
than adult subjects both below 60 years of age and 60 years of age
and older (Fig. 1a, b, respectively). The ratio of Ang-(1-7) to Ang II,
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Fig. 1 Ang Il and Ang-(1-7) levels in human lung parenchyma.
a Ang Il and b Ang-(1-7) levels and ¢ Ang-(1-7)/Ang Il ratio in lung
parenchyma of children (Ch; n=21), adult subjects below 60 years
of age (< 60 y; n = 26) and subjects 60 years of age and older (> 60 y;
n = 29). The bottom and top of the box plots represent the 25th and
75th percentiles, respectively. The bands within the box indicate the
median and the whiskers extending from both ends of the boxes
the minimum and maximum values. P values are indicated in each
graph (Kruskal-Wallis test).
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Fig. 2 Percentage of ACE2-expressing type Il alveolar cells in
human lung parenchyma. Percentage of ACE2-expressing type |l
alveolar (AT2) cells in the lung parenchyma of children (n=21),
adult subjects below 60 years of age (< 60 years; n=26) and
subjects 60 years of age and older (> 60 years; n = 29). The bottom
and top of the box plots represent the 25th and 75th percentiles,
respectively. The bands within the box indicate the median and the
whiskers extending from both ends of the boxes the minimum and
maximum values. Representative images of surgically resected lung
tissue stained for TTF-1-positive (blue arrow), ACE2-positive (yellow
arrow) or TTF-1/ACE2 double positive (red arrow) cells counter-
stained with haematoxylin (blue). Brown cells are TTF1-positive cells.
Scale bar: 20 pm. * P=0.0001 when compared to < 60 years and
> 60 years (Kruskal-Wallis).

which acted as a surrogate marker of ACE2 activity, was thus lower
in children compared to adults (P = 0.05) (Fig. 1c).

We then evaluated ACE2- and TMPRSS2-expressing AT2 cells.
TTF-1-positive cells with cuboidal morphology along the alveolar
septum were counted as AT2 cells. Children exhibited fewer AT2
cells that express ACE2 compared to adult subjects both below 60
years of age and 60 years of age and older (P=0.0001) (Fig. 2).
There was no difference between children and adults in the
number of AT2 cells that express TMPRSS2 (Fig. 3).

There was a significant negative correlation between Ang I
levels and the concentration of ACE2-expressing AT2 cells in
children (r=—0.484; P=0.035) and in adult subjects below 60
years of age (r=—0.408; P=0.041). No correlation was found
between Ang-(1-7) levels and the number of ACE2-expressing
AT2 cells.

In addition to ACE2-expressing AT2 cells, ACE2 protein content
in AT2 cells was also lower in children. As shown in Fig. 4a,
children displayed the lowest ACE2 content in AT2 cells of all age
groups (P <0.0001). TMPRSS2 protein content was not different
between children and adults (Fig. 4b).

DISCUSSION

Our study showed that children displayed higher lung Ang Il levels
and a lower Ang-(1-7)/Ang Il ratio compared to adult subjects,
suggesting lower ACE2 activity in children. Furthermore, the
percentage of ACE2-expressing AT2 cells was lower in children
than in adult subjects. In children, Ang Il levels were inversely
correlated with the percentage of AT2 cells that express ACE2
protein. In addition, we found that the AT2 cells present in the
lungs of children contained less ACE2 protein content compared
to adults.
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Fig. 3 Percentage of TMPRSS2-expressing type Il alveolar cells in
human lung parenchyma. Percentage of TMPRSS2-expressing AT2
cells in the lung parenchyma of children (n=21), adult subjects
below 60 years of age (< 60 years; n = 26) and subjects 60 years of
age and older (= 60 years; n =29). The bottom and top of the box
plots represent the 25th and 75th percentiles, respectively. The
bands within the box indicate the median and the whiskers
extending from both ends of the boxes the minimum and maximum
values. Representative images of surgically resected lung tissue
stained for TTF-1-positive (blue arrow), TMPRSS2-positive (yellow
arrow) or TTF-1/TMPRSS2 double positive (red arrow) cells counter-
stained with haematoxylin (blue). Brown cells are TTF1-positive cells.
Scale bar: 20 um.

Ang-(1-7) levels were also higher in children. Ang-(1-7) can be
formed not only from Ang Il but also from Ang | through the
catalytic activity of neutral endopeptidase, neprilysin, thimet
oligopeptidase and prolyl oligopeptidase. We disregard Ang-
(1-7) generation from Ang-(1-9) because ACE2 protein expression
was decreased in children in this study; thus, generation of Ang-
(1-9) due to ACE2 activity may not constitute a significant source
of Ang-(1-7).

We found that the levels of both AT2 cells that express ACE2
and ACE2 protein were lower in children than in adults. Similarly,
children have been found to have significantly lower ACE2 gene
expression in the upper (nasal) and lower (bronchial) airways
compared to adults®>', even in term and preterm newborns'*.
Comparable ACE2 expression levels were found in children and
adults in two different cohorts, though different brands of
antibodies for each cohort were employed and the number of
samples from children was smaller compared to our study (4 and
10 samples in cohort 1 and 2, respectively, versus 21 samples in
our study)’.

Considering that SARS-CoV-2 requires ACE2 to enter cells, it can
be hypothesised that ACE2 levels may be related to COVID-19
infection rate and severity. However, it has been recently shown
that ACE2-expressed cells in the alveolus of children and older
adults demonstrated similar susceptibility to ex vivo infection of
pseudoviral SARS-CoV-2". In contrast, Yonker et al'>. reported that
although nasopharyngeal viral load was highest in children in the
first two days of symptoms and significantly higher than in
hospitalised adults with severe disease, children had lower ACE2
expression. Nevertheless, additional factors such as the immune
response may contribute to the explanation of the low suscept-
ibility of children to SARS-CoV-2'¢.
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Fig.4 ACE2 and TMPRSS2 protein content in type Il alveolar cells.
a Percentage of subjects with ACE2 and b TMPRSS2 immunostaining
intensity from +1 to +3 in type Il alveolar cells of lung parenchyma
of children (Ch), adults below 60 years of age (< 60) and adults 60
years of age and older (= 60). Children did not display +3 intensity
of staining for both ACE2 and TMPRSS2. Lung parenchymal samples
from children (1 to 18 years of age, n = 21), adult subjects between
20 and 60 years of age (n=26) and subjects 60 years of age and
older (n=29) were analysed. Representative images of surgically
resected lung tissue stained for ACE2 or TMPRSS2 protein (red, as
indicated by black arrows) and AT2 cells (brown) counterstained
with haematoxylin (blue). Brown cells are TTF1-positive cells. Scale
bar: 20um. * P<0.0001 when compared to < 60 and > 60
(Kruskal-Wallis).

Regarding TMPRSS2, another key protein for the entry of SARS-
CoV-2 into cells, we did not observe differences in the amount of
TMPRSS2-expressing AT2 cells between children and adults, which
is consistent with previous findings that AT2 cell expression of
TMPRSS2 does not change with age®'”.

Our study was limited by a retrospective design, which is
vulnerable to uncontrolled biases. While some of the resection
samples were from people with cancer, we utilised healthy tissue
adjacent to the diseased tissue; still, we cannot disregard the
influence of cancer on the results.

In conclusion, our study demonstrated for the first time that
levels of Ang Il were higher, while its degradation was lower, in
children compared to adults. Furthermore, ACE2 protein expres-
sion was lower in children and TMPRSS2 did not change with age.
These results expand on previous transcriptomic studies and may
partially explain the low susceptibility of children to SARS-CoV-2
infection.
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